Methods for the quantitative estimation of plasma cortisol concentration have been devised by Nelson and Samuels (1), Silber and Porter (2), and Peterson and Wyngaarden (3) who used the sulfuric acid-induced fluorescence developed by Sweat (4). Together with urinary procedures (5, 6) these techniques have been employed to determine the secretion of cortisol by the adrenal in normal and pathological conditions (7-9) and to evaluate the factors involved in the "removal" of cortisol from the plasma in surgery (10-13) and liver disease (14-16).
Methods for the quantitative estimation of plasma cortisol concentration have been devised by Nelson and Samuels (1), Silber and Porter (2) , and Peterson and Wyngaarden (3) who used the sulfuric acid-induced fluorescence developed by Sweat (4) . Together with urinary procedures (5, 6) these techniques have been employed to determine the secretion of cortisol by the adrenal in normal and pathological conditions (7) (8) (9) and to evaluate the factors involved in the "removal" of cortisol from the plasma in surgery (10) (11) (12) (13) and liver disease (14) (15) (16) .
Although a considerable amount of work has been done in isolating and identifying such urinary metabolites of cortisol as THF8 and THE (17) (18) (19) (20) (21) (22) and their interconversions (23) (24) (25) , much less has been done to relate the quantitative transformations of these urinary metabolites from cortisol under normal and pathological conditions. In 1953, deCourcy, Bush, Gray, and Lunnon (26) reported daily excretion values for two chromatographically separated urinary steroids corresponding in migration rates to THF and THE, in 10 1 This work was suported in part by a grant from the Atomic Energy Commission. It was sponsored and supported in part by the Subcommittee on Metabolism in Trauma, Advisory Committee on Metabolism, Office of the Surgeon General, Department of the Army, through a contract (DA-49-MD472) with Harvard University.
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normal men. The mean values were 212 tg. per 24 hours for THF and 1.5 mg. per 24 hours for THE, giving a ratio for THF: THE of 0.14. Romanoff, Seelye, Rodriquez, and Pincus (27) have recently published quantitative data on the excretion of THF and THE combined with allo-THF (28, 29) in one group of normal men and in a group of schizophrenic men. There was no essential difference in the ratio of THF:(THE plus allo-THF) between the two groups of men, and the ratio was reported as approximately 1: 2. Cope and Hurlock (30) published data on the excretion of urinary THF and THE in several normal and surgical cases. Their results indicated increased excretion of these metabolites after surgery but did not show any other definite pattern of alteration of the metabolism of cortisol, although they state that "a tendency can be observed for tetrahydro-compound F excretion to rise more than does tetrahydrocortisone." In a preliminary report, Gold, Macfarlane, and Moore (31) showed that the relative proportions of the two urinary cortisol metabolites, THF and THE, were related to situations of "stress" and adrenocorticotropin (ACTH) administration. It is the purpose of this current report to supply additional evidence for alterations in the excretion of certain cortisol metabolites in the human in a variety of "stress" situations, such as surgery, bone trauma, burns and prolonged illness, and to compare the proportion of metabolites in these cases with normal individuals and with the urine of individuals receiving ACTH.
METHODS

Analytical methods
Urines were collected without preservative and were frozen until used. After incubation, the samples from either procedure were extracted with redistilled chloroform (3 X 20 ml.). The extracts were washed quickly with cold 0.5 N NaOH (2 X 5 ml.) and with distilled water (1 X 5 ml.). The combined aqueous washes were back-extracted with 15 ml. chloroform and the extract combined with the initial one. After drying with anhydrous Na2SO, the chloroform solution was transferred to a 100 ml. round-bottom flask containing a 1 ml. well in its base. The chloroform was evaporated at 47°C. with the aid of a gentle stream of air and the sides of the flask were washed with chloroform to concentrate the residue in the well.
The residue obtained in Procedure I was made up to 0.5 ml. with ethanol and a suitable aliquot taken for paper chromatography. In Procedure II the entire residue was transferred to paper for chromatography.
Descending chromatography was a modification of one employed by Bush (32) (28) and Bush and Willoughby (29) , and is apparently a metabolite of cortisol, as can be seen from Figure 1 . Here the distribution of radioactivity was obtained by eluting, directly into planchets, 1 cm. strips from the chromatogram of an extract of a urine sample obtained from a normal individual administered 2 ,uc. of cortisol-4-C1' intravenously. Three peaks of radioactivity appear which correspond to the blue tetrazolium (BT 5) reducing areas THF, allo-THF and THE.
Quantitative estimation of chromatographically separated steroids was achieved by spraying the chromatogram with a mixture of equal volumes of 0.2 per cent aqueous BT and 10 per cent sodium hydroxide. After remaining at room temperature for 10 minutes to assure full color development, the chromatogram was washed with tap water for 10 minutes and allowed to dry at room temperature. Blanks, standards and unknowns of equivalent areas were excised, cut into approximately one-fourth inch squares and shaken in closed vials for one hour with 1 to 3 ml. of the eluting agent, ethyl acetate: pyridine (1: 4 by volume). Absorbances were read at 580 my in the Beckman spectrophotometer using microcuvettes.
Validation of analytical techniques
Mixtures of from 2 to 30 ug. each of THF, THE, F and E were chromatographed and estimated by the BT technique. The mean absorbances per ,ug. of steroid at 580 my plus or minus one standard error were, respectively, 0.036 + 0.001; 0.038 ± 0.001; 0.035 ± 0.001; and 0.036 ± 0.004. Hence, there is adherence to the Lambert-Beer Law.
To demonstrate the recovery of steroid which has been subjected to chromatography, six samples of 21.4 Mg. THE each were chromatographed along with reference standards to locate the THE areas. The former areas were eluted with ethanol and one-fifth volumes were assayed for steroid content by the Porter-Silber reaction (33 per cent recoveries plus or minus one standard error THE and F were included on each sheet prepared for were as follows: THF, 61 ± 2; THE, 87 ± 2; F, 88 ± 3; chromatography. Values for allo-THF in the BT estiand E, 97±2. Using Procedure II, the per cent re-mation were calculated on the assumption that the ab- Effects of ACTH were determined in twelve men, eight Effects of surgical stress were studied in six women of whom were normal volunteers. Of the remaining four, undergoing gynecological procedures and in three men three were being treated for gonadal dysfunction and one Effects of cortisol were noted after the infusion of 50 mg. of cortisol over two hours to a man convalescing from a fractured humerus. Urine was collected periodically during the 24 hours preceding the infusion and during the 24 hour period which began with the infusion of cortisol.
Effects of severe burn trauma were observed in four patients. Three of the cases were fatal. Twenty-four hour urine collections were used. Catheters were used where necessary to insure urine collection.
Effects of prolonged stress were observed in a 50 year .old man admitted with acute ulcerative colitis, who developed a pulmonary embolism, had a ligation of his inferior vena cava, developed an empyema and finally underwent a total colectomy. The effect of an ACTH infusion was observed both during the long period of illness and after successful convalescence. Urine samples were collected at 24 hour intervals.
RESULTS
Surgical "stress" Table I expresses the daily excretion of the individual steroid metabolites, their sum, and the ratio THF: THE during the surgical procedures.
In several instances where allo-THF was not separated from THF, the THF value includes allo-THF. It is apparent that the complex trauma of surgery is accompanied not only by elevations in the excretion of "total" urinary corticoids but also by increases in the relative proportions of THF: THE. In the instances in which allo-THF was evaluated no such clearly discernible pattern of variation with surgery was noted. There was, however, a consistent elevation in the rate of excretion of allo-THF during or shortly after the period of the "trauma." A detailed analysis of the urinary corticoids from a patient undergoing surgery is presented in Table II . It illustrates the time relationship for the increase in the individual urinary metabolites both after the "difficult intubation" and after the gastrectomy. The increase in the proportion of THF: THE with the surgical procedures is clear, but a similar corelation is not observed between the relative per cent of allo-THF and these procedures.
Adrenocorticotropin
In all the cases presented in Table III the elevation of urinary cortisol metabolites after ACTH infusion was also accompanied by an increase in the relative proportions of THF as compared to THE.6 Although the mean per cent of allo-THF excreted was not markedly altered during the ACTH administration there is a tendency for the post-ACTH urines to contain a somewhat higher per cent of allo-THF. It is interesting to note the wide fluctuation in the per cent of urinary allo-THF for a given individual throughout a day.
Cortisol administration
The intravenous administration of 50 mg. of cortisol produced not only an increase in the amounts of the urinary metabolites THF, allo-THF, THE and F, but also increased the relative proportion of urinary THF. This is shown in Figure 2 . It can be seen that a large proportion of the urinary steroid was cortisol. 6A similar observation has been reported by Romani (34) in four subjects. Severe burn trauma The two fatal burns of Figures 3 and 4 indicate a high urinary titer of "total" metabolites at the period of initial trauma with a gradual decline to approximately normal values prior to death. All three metabolites, THF, allo-THF and THE, were excreted in greater than normal amounts. The huge excretion of "total" metabolites during Days one and two of Figure 4 suggests a very large secretion of cortisol by the adrenal.7 This is consistent with the appearance of considerable amounts of cortisol "spilled over" into the urine on the first few days post burn. The ratio of THF: THE is elevated throughout and takes a sharp increase several days before death. The excretion of normal quantities of THF and allo-THF with markedly depressed excretions of THE suggests that the formation of THE from precursors is preferentially depressed.
In Figure 5 another fatal burn case is shown. 
8-18 ALTERED RATIO OP URINARY CORTISOL METABOLITES
In this patient the ratio of THF: THE is considerably elevated through the seventh day post burn. By this day the excretion of THE has fallen to 1 mg. per 24 hours. On the eighth day infusions of cortisol were begun. There followed a rise in the amount of each urinary component weith the exception of THE.
The last burn patient, shown in Figure 6 , recovered. All three metabolites, THF, allo-THF (not shown in the figure) and THE, were elevated initially and gradually declined to normal values. The pattern of events was similar to that exhibited by the three fatal burns with the exceptions that the "total" metabolites excreted per 24 hours leveled off and the ratio of THF: THE returned to the normal value of 1.0 after having reached a maximum of 3.7.
Prolonged stress A quantitative study of the urinary metabolites from a patient severely ill for several months is shown in Table IV 14 . t The absence of detectable quantities of allo-THF is not an artifact of the paper chromatography. Samples 8 and 12 analyzed individually and as mixed samples on the same chromatograms confirmed the "absence" of allo-THF.
during the period of prolonged stress the amount of "total" metabolites excreted in Samples 1, 2 and 4 were -in the same range as in Samples 11 and 13, yet the THF: THE ratio was elevated in the stress period; e) although the excretion of "total" metabolites in Sample 8 was three times that of Sample 6 the excretion of THE was approximately the same in each sample.
DISCUSSION
It must be emphasized that the use of /8-glucuronidase limits the quantitative estimation of the cortisol metabolites to the estimation of those metabolites which are excreted as glucuronides. Consequently the possibility exists that a lowered excretion of any single cortisol metabolite may be the result of: a) conjugation with a compound other than glucuronic acid, b) a decrease in the rate of filtration of the specific glucuronide by the kidney, as well as c) a depressed rate of conversion of cortisol to its metabolites. It is clear that trauma (surgery, bone damage, burns) capable of eliciting an increase in output of urinary cortisol metabolites can also cause an increase in the per cent of urinary THF as compared to THE.8 The greater increase in the amount of THF than THE after the administration of ACTH or cortisol suggests that this phenomenon may be directly related to the rate of cortisol secretion by the adrenal rather than to an alteration of factors concerned with the metabolism of cortisol.
However, the work of others (10) (11) (12) (13) indicates that the ability to catabolize cortisol is reduced in surgery and that this reduction in activity involves the liver. It is conceivable then that the change in the relative quantities of THF and THE in the urine during trauma may be the result of both an increased adrenal secretion as well as an alteration in "metabolism" by the liver or other tissues.
In the series of burn cases it appears that there was an impairment in the conversion of cortisol to THE. Immediately post burn the THF: THE ratio was elevated above normal levels, but was in the same range as that of the surgically stressed individuals. However, in each of the four burn patients there was a further increase in this ratio after several days. In Figures 3 and 4 the largest rise in the THF: THE ratio occurred shortly before death, when the total metabolites had declined to approximately normal values. The severe depression in the relative amounts of THE excreted during the last two days prior to death of the patient of Figure 4 is strongly indicative of a preferential suppression of the reaction involving the oxidation of the hydroxyl group at position 11 to an 1 1-keto function. These findings tend to support the conclusions of Sandberg, Eik-Nes, Migeon, and Samuels (35) that there is an impaired metabolism of cortisol in dying patients.
That the oxidation of the 1 1-hydroxyl group may be inhibited is further supported by the data of Figure 5 . It can be seen that by the seventh day post burn the quantity of THE excreted fell to 1 mg. per 24 hours. The infusion of large quantities of cortisol did not increase the amount of THE excreted although the amounts of THF and allo-THF rose markedly. This suggests that, although the mechanisms for the reduction and conjugation of ring A of cortisol are still active, some "physiological lesion" severely limits the conversion of cortisol to THE. The elevations of the THF: THE ratio on Day 10 of Figure 3 and the second and third weeks in the survival burn patient of Figure 6 may also represent a tendency toward the development of the same type of "physiological lesion."
An interesting illustration of altered cortisol metabolism is afforded by the patient of Table IV . This individual differed greatly from the "surgical" and "burn" patients in that his "stress," consisting of ulcerative colitis and pulmonary embolism with complications, was very prolonged, whereas the former types of stress were essentially acute. As shown in Table IV (24) riod, even though the "total" urinary metabolites in the stress period are approximately equal to those of the postconvalescent period.
Mechanisms -for quantitative changes in urinary cortisol metabolites A diagrammatic representation of several steps in the catabolism of cortisol, as shown in Figure 7 , will help illustrate the experimental data. This scheme is based on the work of a number of investigators (17, 18, 36) and has recently been reviewed by Bush (24) . The position of allo-THF in this scheme is not clear. It can be seen that a sudden increase in the secretion of F by the adrenal could lead to a transient increase in the relative quantity of THF formed if the resultant rates of Reactions k2 and k4 are slower than k, and k,. In addition, it appears that either or both Reactions 2 and 4 are inhibited or that Reaction 3 is accelerated in complex trauma. Studies employing cortisol-4-C14 may help determine which of the kinetics of cortisol metabolism are altered.
It has been shown that there is a decreased rate of removal of cortisol from plasma in patients with cirrhosis (14, 16) , in individuals undergoing surgery (10) (11) (12) , and in dying patients (35) . These effects have been attributed to altered liver function or to changes in hepatic flow. The role of the liver in producing the variations in urinary THF: THE ratios reported in this current investigation is not delineated.
The metabolites of cortisol which have been evaluated in this study represent only about 20 to 30 per cent of the total metabolites which appear in the urine (6, 16, 37) . Another 30 per cent or more of urinary cortisol metabolites represented by the cortols and cortolones recently identified by Fukushima and co-workers (38) were not quantitatively evaluated in the current study. It may be that factors altering the kinetics of the conversion of cortisol to THF, allo-THF and THE may also involve the pathways concerned with the reduction of the C-20 keto group of cortisol. Several metabolites of cortisol were evaluated in the urine of subjects administered adrenocorticotropin and cortisol. Similar studies were made with patients undergoing such complex trauma as surgery or burns. The compounds evaluated were tetrahydrocortisol (3a,1 1,,17a, Observations showed an increase in both 1) the rate of excretion of each metabolite, tetrahydrocortisol, allo-tetrahydrocortisol, and tetrahydrocortisone, and 2) the ratio of urinary tetrahydrocortisol to tetrahydrocortisone in the following: a) during and after surgery, b) after the intravenous administration of 25 I.U. of adrenocorticotropin to normal subjects, c) after the administration of 50 mg. of cortisol, intravenously, to one normal individual, and d) in four patients with severe burns. In three of the burn cases which were fatal the tetrahydrocortisol: tetrahydrocortisone ratio rose to extremely high values prior to death, suggesting the presence of factors which limit the conversion of cortisol to tetrahydrocortisone, i.e., an inhibition of oxidation at the 11 position. There was no indication that the formation of allo-tetrahydrocortisol was grossly impaired. In one such patient the intravenous administration of large amounts of cortisol increased the daily excretion of tetrahydrocortisol and allo-tetrahydrocortisol but failed to increase the quantity of tetrahydrocortisone excreted.
The tetrahydrocortisol: tetrahydrocortisone ratio was elevated for an entire month in a chronically ill patient suffering from ulcerative colitis, pulmonary embolism, and empyema and having undergone major abdominal surgery. Allo-tetrahydrocortisol was not detected during this period. After five months' convalescence this patient showed a normal urinary pattern; allo-tetrahydrocortisol was present.
It is suggested that trauma in man can give rise to variations in the overall metabolism of cortisol.
